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Evidence for PDZ domains in bacteria, yeast, and plants
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Abstract: Several dozen signaling proteins are now known to
contain 80-100 residue repeats, called PDZ (or DHR or GLGF)
domains, several of which interact with the C-terminal tetrapeptide
motifs X-Ser/Thr-X-Val-COO™ of ion channels and/or receptors.
PDZ domains have previously been noted only in mammals, flies,
and worms, suggesting that the primordial PDZ domain arose rel-
atively late in eukaryotic evolution. Here, techniques of sequence
analysis—including local alignment, profile, and motif database
searches—indicate that PDZ domain homologues are present in
yeast, plants, and bacteria. It is suggested that two PDZ domains
occur in bacterial high-temperature requirement A (htrA) and one
in tail-specific protease (tsp) homologues, and that a yeast htrA
homologue contains four PDZ domains. Sequence comparisons
suggest that the spread of PDZ domains in these diverse organisms
may have occurred via horizontal gene transfer. The known affin-
ity of Escherichia coli tsp for C-terminal polypeptides is proposed
to be mediated by its PDZ-like domain, in a similar manner to the
binding of C-terminal polypeptides by animal PDZ domains.

Keywords: domain evolution; high-temperature requirement A;
homology; intracellular signaling; tail-specific protease

A number of proteins associated with vertebrate tight or synaptic
junctions in vertebrates or invertebrate septate junctions contain
one or three imperfect copies of an 80-100-residue domain called
the PDZ domain (Cho et al., 1992; Woods & Bryant, 1993; Kim,
1995). These proteins have been found as components of important
sub-membranous structures and each contains a guanylate kinase-
homologous domain; hence they have been termed membrane-
associated guanylate kinases (MAGUKs). PDZ domains (previously
called DHR or GLGF domains) also occur in other molecular
contexts including protein kinases, phosphatases, a guanine nucle-
otide exchange factor (GEF) for Rac, neuronal nitric oxide syn-
thase (nNOS), and syntrophins (Ponting & Phillips, 1995; Cho
et al., 1992). To date, PDZ domains have been found only in
invertebrate and vertebrate proteins.
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Several MAGUK PDZ domains have been shown to bind a sig-
nature motif (X-Ser/Thr-X-Val-COO ™) occurring as the C-terminal
residues of K* channels (Kim et al., 1995), NMDA receptor sub-
units (Kornau et al., 1995) and the adenomatous polyposis coli
gene product (Matsumine et al., 1996). The second PDZ of a
protein tyrosine phosphatase has been shown to bind Fas via a
similar mechanism (Sato et al., 1995). However, not all ligands
that bind PDZ domains do so via X-Ser/Thr-X-Val-COO™ motifs.
The third of five PDZ domains of Drosophila InaD appears to bind
the Ca?* channel trp via an internal (i.e., non-C-terminal) X-Ser/
Thr-X-Val motif (Shieh & Zhu, 1996), and non-C-terminal PDZ-
PDZ domain interactions have been identified involving nNOS
and both PSD-95 and syntrophin (Brenman et al., 1996).

The crystal structures of liganded and unliganded PDZ domains
have been determined recently (Doyle et al., 1996; Morais Cabral
et al., 1996). These show a six 8 strand and 2 «a helix structure that
binds X-Ser/Thr-X-Val-COO™ polypeptides via 3-sheet augmen-
tation (Doyle et al., 1996; Harrison, 1996). The structures show
that various elements of PDZ sequences that are relatively well
conserved (Ponting & Phillips, 1995) are important either for ligand-
binding or for structural reasons. The loop linking 8-strands A and
B forms hydrogen bonds with the two carboxylate oxygens of the
ligand, a conserved aspartic acid (strand 84) forms a salt bridge
with an arginine preceding 81, and a conserved asparagine (84—a?2
linker) packs against the a2-85 loop. The 82-3 loop, whose
length varies considerably in different domains, appears not to
impede access of ligands to the binding site. PDZ domain se-
quences occur in many different vertebrate and invertebrate pro-
teins indicating a widespread use of their fold and functions in
multiple signaling pathways. Here, evidence is presented that PDZ-
homologous domains occur in bacterial, plant, and yeast proteins
and that these also possess C-terminal polypeptide binding functions.

Novel eukaryotic PDZ domains: Since our original report on PDZ
domains (Ponting & Phillips, 1995) several PDZ domain-containing
gene sequences have been deposited in databases (Fig. 1). Each of
these has been identified using profiles (Birney et al., 1996) and/or
motifs (Tatusov et al., 1994) and cross-checked using Blastp (Alt-
schul et al., 1994) searches (p < 1 X 1073 with previously-
described PDZ domain sequences). These include 2 PDZs in a
tyrosine kinase activator (TKA-1; K. Seedorf & A. Ullrich, un-
published, EMBO code Z50150) that also appears to regulate pro-
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Digl/Humsn-1 EYEEITLER....GNSGLGFSIAG (10} SSIPITKIITG..GARAQDGRLRVNDCILOVNE
Digl/Homan2 XIMEIKLIK....GPKGL@FSIAQ (10} NSIYVIKIIEG..GAAHKDGKLQIGDKLLAVEN
Digl/Human-3 EPRKVVLHR....GSTGLEFNIVG ( 4) EGIFISFILAG..GPADLSGELRKGDRIISVES
Ioad/Droame-1  LIHMVTLOK. ..TGKKSFGICIVR (11) TGIFIKGIVPD..SPAHLCGRLKVGDRILSLNG
Insd/Drome-2  DLRRIEVQR. ..DASKPLGLALAG { 6) MACFVAGVDPN..GALGSV.DIKPGDEIVEVNG
insd/Drome-3 PKARTVQVR. ...KEGFLGIMVIY ( 7) SGIPISDLREG..SNAELAQ.VKVGDMLLAVEQ
Insd/Drome4  PNKKILIEL..KVEKKPM@VIVCG { 7) TGCVITHVYPE..GQVAADKRLKIFDHICDING
nsd/Drome-S EKFNVDLMKK...AGKELGLSLSP ( 2) IGCTIABLIQG..QYPEIDSKLQREDIITKFNG
Tkal/Human-l RPRLCRLVR. ...GEQGYGFHLHG { 4) RGQFIRRVEPG..SPAEAA..ALAGDRLVEVNG
Tkal/Human-2 RPRLCHLRK....GPQGYG@FNLHES ( 4) PGQYIRSVDPG..SPAARSG.LRAQDRLIEVNG
Peri/Rat ELVEIIVET..EAQTGVSGFNVAG ( 3) EGIFVRELRED..SPAAKSLSLQEGDOLLSARV
Rhop/Mouse ~ LVGPVHMTR. ...GEGGFGFTLRG ( 1) SPVLIAAVVPG..GQAESAG.LKEGDYIVSVNG
Rit1/Rat MTHAVTLR.....GPSPWEFRLVG ( 5) APLTISRVHAG..SKAALAA.LCPGDSIQRING
Clp3/Rat MTQQIVLQ. ....GPGPWEFRLVE ( 5) QPLAISRVIPG..SKAATAN.LCIGDLITAIDG
BEaig/Human DSFKVVLE..... GPAPWGFRLQG ( 5) VPLSISRLTPG..GKAAQAG.VAVGDWVLSIDG
uman  GGRLVEVQLS...GGAPWEFTLKG ( 5) EPLVITKIEEG..SKAAAVDKLLAGDEIVGIND
K147Humanl EELTLTILR....QTGGLEISIAG (11) EGIFISRVSEE..GPAARAG.VRVGDKLLEVEG
K147/Human2 QRHVACLAR. ...SERGLGFSIAG (11) AGIFVSRIAEG..GAAHRAGTLQVGDRVLSING
K147Human-3 PVEEIRLPR....AGGPLELSIVG (13) PGVFISKVLPR..GLAARSG.LRVEDRILAVNG
K147/Human4 GLRELCIQKA...PGERLGISIRG (14) EGIFISKVSPT..GAAGRDGRLRVGLRLLEVEQ
Pick/Mouse  VPGKVTLQKD...AQNLIGISIG@ ( 5) PCLYIVQVFDN..TPAALDGTVAAGDEITGVNG
Pre_Beoli TEMSLSL. v ... EGIGAVLQM ( 2) DYTVINSMVAG..GPAAKSKAISVGDKIVGVGQ
Ctpa/Syny3 VTTTGEL. . ... ... S@VGLQINI ( 4) NQLEIMAPLAG..SPAZEAG.LOPHDQILAIDG
Ctpa/Spiol SGTQSSL. .......TGVGISIGP ( 6} TGLVVISATPG..APASRAG.ILPGDVILAIDD
Ctpb/Syny3 ~ SQTSGEA. .......S@VEIRVLM ( 4) SDLVVVDVMRG..TPALKAG.IRPUDRIVRING
Crpa/Horvu KMSKYDM. . ......T@IGLNIRE { 6) LRLVVLGLILD..GPANSAG.VRQGDELLSVNG
Ctpa/Barba DSTKGEF. .......GGLEIEVTM { 2) NLIKVVSPIDD..TPAAKAG.VLAGDF ISKIDG
Ctpa/Bacsu ETISASF, .......E@IGAQVEE ( 2) GEILIVSPIKG..SPAEKAG.IKPRDQXIXVNG
Hira/Psesc2  GAPGAERSS...... NRLGVTVAD (12) GGVVIKEVQDG...PAAVIG.LRPGDVITHLDN
Hera_Beoli-] ~ MVEYGQVKR......GEL@IMGTE (14) REAFVSQVLPN..SSAAKAG.IKAGDVITSLNG
Hhoa Ecoli-l LIDFGEIKR......GLL@IKGTE (14} RGAFVSEVLPG..SGSAKAQ.VKAGDIITSLNG
Hhob_Ecoli LIRDGRVIR...... GYIGQIGGRE (14) Q@IVVNEVSPD . GPAANAG.IQVNDLIISVDN
HiraPoeso-l  LKKAGKVSR...... GWLGVVIQE (14) SGALVAQLVED..GPAAKGR.LQVGDVILSLNG
HryBaths1 ~ LIEKGLVQR...... GWLGVQIQP (14} KGALITDPLK...GRPARKAG.IKAGDVIISVMNG
Hire/Mycle LIKDGKIVH...... PTLGVSTRS ( 6) SG@AQVANVKAG..SPAQKGE. ILENDVIVKVGN
Hira/Barhe-2 NMKDGSKYS...... NEHGNSDET (14) L@LVVTDVDED..SOAARDKG.IRPGDVIVTVMN
Hera_Booli-2  QUDSSSIFN...... GIEGAEMSN ( 4) Q@VVVNNVKTG..TPAAQIG.LKKGDVIIGAMQ
Hhos_Ecoli-2  SASAEMITP...... ALEGATLSD ( 7) KGIKIDEVVKG..SPAAQAG.LQKDDVIIGVNER
Herl/Human ~ AKGKAITKK...... KYIGIRMMS (20) SGAYITEVIPD..TPAEAGG.LKENDVIISING
Hera/Mycpa TVHIGPTAF...... LGL@VTDNN ( 1) NGARVOQRVVNT.. GPAAAARG.IAPGDVITGVDT
Hirl/Yoast-1 GTIQVQWLLKPYDECRRLGLTSER {11) IGLLVAETVLR..EGPGYDK.IKEGDTLISING
HirlfYeast-2 ~ CTVTCTVGD (8) . YVEVCGATFHE (13) RGVFLSSASGS..FNFDSK..ERVGWIVDSIDN
Hul/Yeast3  NGGKPRVSI....VDAGF@SISVL (20} NRLQFITVSRV.SYTEDKIH.LETGDVILSVNG
Hil/Yeast4  KIKTVEVQETD.RFVIFAGSILQK (13) KGVYCTFRGES..SPALQYG.ISATNF ITHVNE
Spdb_Bacsu  VLPDLKVIP....GGQSIGVKLHS ( 4) VGFHQINTSEGKKSPGETAG.IEAGDIIIEMNG
Sp4biClodi NHDKKFVY®P. ...MGNIIGVKANT ( 0) DGVLVLGYEEE..DVDYIGG.IQIGDNIVKIDN
Yael Hacin NLTNWTFDPEKESAFEALGIMPMR ( 2) IEMVLSKVVON. .SPAEKAG.LQIGDKILKENL
Yael/Beoli DLREWAFEPDKEDPVSSLEGIRPRG ( 2) IERPVLENVQPN. .SAASKAG.LQAGDRIVEVDG
2%Y Structure
PDZ EEEEE EEEEE EEEEEE HHHR EEEEEEE
tap-like eee eeee eEEEEE hhh eEEEEe
htrA-like ecee eee eeeee eEEEEe hhhh EEEEe

Digl/Humso-1 . .... VDVRDV.TRSKAVEALKEAGS .. . IVRLYVKRRK U13896 (221-311)
Digi/Homan2 ... .. VCLEEV.TREEAVTALENTSD. . .FVYLKVAKPT U13896 (316-406)
Digl/Human3 ..... VDLRAA.SEEQAAARLRNAGQ. . .AVIIVAQYRP U13896 (463-547)
Inad/Drome-1 .. ... KDVRNS . TEQAVIDLIKEADF. . .KIELEIQTFD U15803 (14-106)
Ind/Drome-2 ... .. NVLKNR.CELNASAVFESVDGD. . KLVNITSARK V15803 (246-333)
InadDrome-3 . ... DVTLES .NYDDATGLLRRAEGV . VITMILLTLKSE U15803 (362-450)
Inad/Drome4 ... .. TPIHVGSMTTLKVHQLFHTTYE.KAVTLTVFRAD U15803 (484-576)
Inad/Drome-S .. ... DALEGL.PFQVCYALFRGANG. . .KVSMEVTRPK U15803 (581-664)
T /Humao-1 ... .. VNVEGE . THEQVVQRIKAVEG. . .QTRLLVVDQE 250150 (B-90)
TkalHuman-2 . .... QNVEGL.REAEVVASIKARED.. .EARLLVVDPE 250150 (147-230)
PeriRat ...... FFENF .KYEDALRLLQCAEP..YKVSFCLKRTV 229649 (15-100)
Rhop/Mouse . . ... QPCKWW.KELEVVTQLRSMGE . .EGVSLQVVSLL U43194 (497-578)
Ritt/Rat . .... ESTELM.THLEAQNRIKGCHD., .HLTLSVSRPE X76454 (1-84)
Clp3/Rat . ... EDTSSM.THLERQNKIKGCVD...NMTLTVSRSE U23769 (1-85)
Enig/Human . .... ENAGSL.THIEAQNKIRACGE. . .RLSLGLSRAQ L35240 (2-85)
Apxi/Human ... .. IGLSGF..RQEAICLVRGSHK, . . TLKLVVKRRS X83543 (23-108)
Ki47/Humar-1 ... .. VALQGA.EBHEAVEALRGAGT. . . AVOMRVWRER D63481 (659-749)
Kl47Human-2 ... .. VDVTEA.RBDHAVSLLTAASP, . .TIALLLEREA D63481 (793-884)
K147/Human3 .. .. QDVRDA.TEQEAVSALLRPCL. . .ELSLLVRRDP D63481 (935-1027)
K147Human4 ... .. QSLLGL.THEGEAVQLLRSVGD. .. TLTVLVCDGF D63481 (1031-1126)
PickMouse  ..... KSIKGK.TKVEVAKMIQEVKG. . .EVTIHYNKLQ 246720 (19-105)
Pre_Ecoli TGKPMVDVIGW.RLDDVVALIKGPKES . . KVRQEILPAG P23865 (239-323)
Crpa/Syny3 . .VDTQTL.SLDEAAARMRGPKNT. . KVSLEILSAG L25250 (107-187)
i .ASTDKM.GIYEAANILOGPDGS. .SVDLTICSRD X90558 (227-310)
.QPAALM.SLEQATEAIQGEIGY. .ELSLOLSRPK X96490 (135-215)
SDVRGK.SAFDVSSMLOQGRPKET. . FVTIKVKHGN X90929 (55-138)
KQISGQ.TLNEAVDOMRGPAGT. .PITLTINRFG L37094 (89-167)
KSVKGM .NVNEAVALIRGKK&Y. . KVKLELNRAG X98341 (97-135)
KAVTST.KVFADVAKALPKNR. . . SVSMRVLRQG U32853 (375-463)
.KPISSF.AALRAQVGTMPVGS. .. .KLTLGLLRDG P09376 (280-371)
.KPLNSF .AELRSRIATTEPGT. . .KVKLGLLRNG P339039 {(258-343)
.KPAISA.LETMDQVAEIRPGS...VIPVVVMRADD P31137 (248-339)
.QSINES.ADLPHLVGNMKPGD...KINLDVIRNG U32B53 {(261-352)
.EKINDV.RDLAKRIANMSPGE...TVILGVNKSG L20127 (291-381)
.RKVADA .DEFIVAVRQLTIGQ...DASVEVVRDG 015180 (436-519)
.KSVKKV.SDITDTIKNAQKLGR. .KAILLQVRTN L20127 (398-490)
.QAVKNI.AELRKVLDSKPS..... VLALNIQRGD P09376 (387-466)
.DRVNSI.AEMRKVLAAKPA..... IIALQIVRGN P39093 (365-447)
.QSYVS. .ANDVSDVIKRES..... TLNNMVVRRGN D87258 {(372-466)
VPINGA.TSNTEVLVPHHPG. .. .DTIAVHNFRSV 223092 (267-344)
ETISSFMQVDKIQDENVGK..... EIQLVIQRGG 271399 (285-378)
.KETPDL.DTFIEIMKTIPD..... RKRVTVRYHH 271399 (381-478)
.KLVTEM.NDLNGVVSSADGILPSAMLDFKVVRDG 271399 (751-854)
IETPDL.DTFLKVVKTIPD..... NSYCKMRLMT 271399 (860-953)
QKIEK..MNDVAPFIQKAGKTG.ESLDLLIKRDK P17896 (100-186)
KRIKN..SQDVSEILNKIKKS...KVEVTFERKN U43514 {46-124)
TALP...WQDFIKQVEQGE..... BFSIKVERNG P44936 (195-276)
QPLTQWVTFVMLVRDNPGK .. ... SLALEIERQG D83536 (196-280)
HHHHHHBHR EEEEEEEE
hHHHHHHHh eEEEEEe
hH HHHHRHHHH eEEEEEE

Fig. 1. Multipie alignment of representative mammalian, Drosophila and C. elegans PDZ sequences, compared with tsp, htrA-like,
yeast N1897 (Htrl/Yeast), SpoIVB (Sp4b) and Yael sequences. Residues that are conserved in =60% of eukaryotic PDZ or tsp-like or
htrA-like sequences are shown in outline. Hydrophobic residues (ACFILMVWY) conserved in =80% (PDZ, tsp-like or htrA-like) or
=75% (Htrl/Yeast) sequences are shown in bold, as are residues absolutely conserved among known spolVB or Yael sequences.
Secondary structure predictions (Rost & Sander, 1994) for htrA-like and tsp-like sequences are shown beneath the alignment, together
with the known secondary structure of human Dlg PDZ3 (Morais Cabral et al., 1996). Numbers represent residues excised from
sequences, and dots represent insertions/deletions. A methionine substituted (Metys; — Lys) in a mutant form of Drosophila InaD that
fails to bind the cation channel trp (Shieh & Zhu, 1996), is underlined. Domain limits and database accession codes follow the
alignment. Species (in SwissProt format): Bacsu, Bacillus subtilis, Barba, Bartonella bacilliformis; Barhe, Bartonella henselae; Clodi,
Clostridium difficile; Drome, Drosophila melanogaster;, Ecoli, Escherichia coli; Haein, Haemophilus influenzae;, Horvu, Hordeum
vulgare; Human, Homo sapiens; Mouse, Mus musculus; Mycle, Mycobacterium leprae; Mycpa, Mycobacterium paratuberculosis,
Pseae, Pseudomonas aeruginosa; Rat, Rattus norvegicus; Spiol, Spinacia oleracea; Syny3, Synechocystis sp. (strain PCC 6803); Yeast,

Saccharomyces cerevisiae.

tein kinase A (Weinman et al., 1995), and single copies in rhophilin
(Watanabe et al., 1996), periaxin (Gillespie et al., 1994), PICK1
(Staudinger et al., 1995), enigma (Wu & Gill, 1994), human APX-
like protein (Schiaffino et al., 1995), CLP36 (Wang et al., 1995),
and Rit18 (Wang et al., 1995). A human gene product (KIAA0147)
contains leucine-rich repeats and 4 PDZs (Nagase et al., 1995).
Several PDZs also occur in Caenorhabditis elegans putative pro-
teins (Wilson et al., 1994), e.g., F25h2.2, T10a3.1, C01b7.4, T21¢9.1,
C45g9.7, F35d2.5, C0116.6, and T19b10.5, and C52all.4, which
contain nine PDZ domains. The Drosophila inactivation no after-
potential D (InaD) protein appears to contain 5 PDZs (Fig. 1)
rather than the 2 originally reported (Shieh & Niemeyer et al.,
1995).

Novel bacterial, yeast, and plant PDZs: The final iteration of a
SWise database search (Bimey et al., 1996; cf. Bork & Gibson, 1996)

used a profile derived from an alignment of 91 non-orthologous PDZ
domain sequences. Surprisingly, 19 bacterial sequences scored higher
(scores 4530-4694) than several previously-determined PDZ do-
main sequences (scores 4423-5182) and the perceived top “false pos-
itive” (score 4529). Using Blastp searches (Altschul et al., 1994),
each of these 19 could be identified as a homologue of either of two
E. coli periplasmic proteases: high-temperature requirement A (htrA;
also known as DegP or protease Do) (Lipinska et al., 1989; Waller
& Sauer, 1996), and tail-specific protease (tsp; also known as prc)
(Haraet al., 1991; Silber et al., 1992). Homologues of bacterial htrA
and tsp enzymes have been shown previously in humans (I. Ohno,
J. Hashimoto, K. Takaoka, O. Takahiro, K. Okubo, K. Matsubara,
unpublished, EMBO code D87258) and in higher plants (Oelmiiller
et al., 1996), respectively.

A variety of profile, motif, dotplot, and local similarity methods
were subsequently employed to investigate whether the identifica-
tion of htrA- and tsp-like sequences as PDZ domain candidates
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was significant. Results from each of these methods (below) indi-
cate that domains homologous to PDZ domains occur (a) in bac-
terial htrA- and tsp- homologues, (b) in bacterial stage IV sporulation
B (spolVB) and Yael proteins, (c) in the yeast htrA-like protein
N1897, and (d) in plant tsp homologues.

Spread of PDZ domains via vertical or horizontal gene trans-
fer?: Prior to this report PDZ domains were identified only in
vertebrate and invertebrate proteins, making this distribution seem-
ingly more limited than for other signaling domains such as src
homology 2 or 3 (SH2, SH3) or pleckstrin homology (PH) do-
mains, and suggests that the primordial PDZ arose relatively late in
eukaryotic evolution. However, the identification of PDZ domains
in bacterial, yeast, and plant proteins indicates either that the pri-
mordial PDZ domain arose prior to the divergence of bacteria or
eukaryotes, or that horizontal gene transfer led to the acquisition of
these domains by bacteria. It is noted that bacterial and human
htrA-like sequences are considerably more similar to each other
(percentage sequence identity =~ 37-41%) than either is to each of
the yeast htrA-like repeats (~19-27%). Indeed, the four yeast PDZ
domains in the htrA-like molecule are barely detectable, and no
further PDZ domains can be discerned in the complete S. cerevi-
siae genome sequence. Although conventional orthology between
these sequences cannot be discounted, the strong sequence simi-
larity between bacterial and mammalian PDZ domains is sugges-
tive of a horizontal mode of transmission. It is noted that the
non-PDZ region of tsps is sufficiently similar to mammalian in-
terphotoreceptor retinoid-binding proteins (IRBPs) (Silber et al.,
1992) to indicate that this also resulted from a horizontal gene
transfer event between eukaryotic and bacterial genomes.

Functions of PDZ domains in htrA and tsp homologues: HtrA-like
and tsp-like enzymes have not been suggested previously to con-
tain homologous domains. However, it is notable that these peri-
plasmic enzymes possess overlapping specificities that are required
for growth or for protection from thermal and/or osmotic stress
(Bass et al., 1996; Waller & Sauer, 1996). The active site of E. coli
tsp is present in its IRBP homology region (Keiler & Sauer, 1995)
and appears to be distinct from the C-terminal polypeptide binding
site. The enzyme is known to cleave at discrete sites throughout
polypeptide chains that possess C-terminal tripeptide sequences:
¢-¢p--COO~ (where ¢ and o are non-polar, and small uncharged
residues, respectively) (Keiler & Sauer, 1996). This specificity for
C-terminal tripeptides is strikingly similar to the specificity of
MAGUK PDZ domains for X-Ser/Thr-X-Val-COO~ motifs (Ko-
rnau et al., 1995). This suggests that metazoan PDZ domains and
the PDZ-like region in bacterial tsp not only have evolved from a
common ancestor but also possess a common function of binding
C-terminal ligands. An extension to this argument predicts similar
functions for other PDZ-like domains in bacterial proteins. These
include PDZ domains in a small subset of enymatically inactive
htrA homologues that have been suggested to act as chaperones by
binding denatured periplasmic proteins (Bass et al., 1996).

Detection of tandem PDZ-like repeats in htrA: Orthologues of
htrA and an htrA-like protein (hhoA, or DegQ) were noted to
contain two internal repeats in their C-terminal regions, likely to be
a result of gene duplication; hhoB (or DegS) contains only one of
these repeats. REPRO (Heringa & Argos, 1993) predicted two
=88 amino acid tandem repeats in E. coli htrA (residues 292-379

C.P. Ponting

and 396-474; score = 100). Importantly, these repeats in htrA and
hhoA correspond to their PDZ domain-similar regions (cf. Ponting
& Phillips, 1995).

Use of a local alignment method: Further evidence that the htrA-
like repeats and regions of tsp proteases represent bacterial PDZ
domains was obtained by performing Blastp searches (Altschul
et al., 1994). For example, a search using the Haemophilus influ-
enzae hhoA sequence produced a p-value of 1.2 X 107> when
aligned with the PDZ regions of human KIAA0147, and the Bru-
cella abortus tsp sequence yielded a p-value of 1.7 X 107? when
aligned with the C. elegans F28f5.3 PDZ sequence. Similarly, B.
abortus tsp and htrA sequences were found to be related by a
p-value of 1.5 X 1072, Surprisingly, a S. cerevisiae ORF (N1897
gene product) produced a p-value of 2.0 X 107% when aligned
with a Pseudomonas aeruginosa htrA homologue (mucD). Further
investigation showed that this yeast hypothetical protein contains
an internal duplication of an htrA-like sequence: the N-terminal
repeat retains each of the catalytic triad residues of htrA serine
proteases whereas these are all lacking in the C-terminal repeat
(Fig. 2).

Use of motif, profile, and dotplot methods: In order to investigate
the significance of these sequence similarities, the MoST algo-
rithm (Tatusov et al., 1994) was used with initial PDZ B4 strand-
like alignment blocks of either (a) bacterial htrA-like repeat
sequences (29 sequences), or (b) tsp-like sequences (9 sequences),
or (c) known PDZ domain sequences (80 sequences). For these
searches an expected/observed ratio r < 5 X 1073 was chosen and
all sequences that were aligned with p-values < 107> were con-
sidered at the completion of the final iteration. Results demon-
strated that, whichever starting sequence block was used, by the
final iteration each of the three sequence classes (PDZ domains,
tsp- and htrA-like sequences) were numerously represented with
p < 1073, Pairwise alignments of PDZ and htrA, or PDZ and tsp,
or htrA and tsp 84 alignment blocks were all found to be signif-
icant (Z scores of 10.6, 8.8, and 18.1, respectively) using the
method of Pietrokovski (1996).

Furthermore, for each of the three MoST searches three addi-
tional homology families were revealed with p < 1075, These
were the yeast htrA-like hypothetical protein (N1897; see above),
an E. coli hypothetical protein (Yael), and the Bacillus subtilis
stage IV sporulation protein B (spolVB) (Van Hoy & Hoch, 1990)
(Fig. 3). Similarly, the highest scoring sequences in SWise searches
using htrA- or tsp-derived profiles were PDZ domains, htrA-like

Htrl/Yeast-1 (112) LGIILTNREVV (28) DFGFLKFDP (73) GSSGSPVVNIDGYAVALQ (328) 269382

Hitr)/Yeast-2 KGYVLVSRRVV (28) NFAIVKYDP (74) CNSGILTDN-DGTVRGLW (279) 269382
HtrA_Ecoli (122) KGYVVTNNRVV (27) DIALIQIQN (64) GNBGGALVNLNGELIGIN (223) P09376
Stsp_Staan (110) KDTLLTNKEBVV (39) DLAXVKFSP (65) GNSGSPVFNEKNEVIGIH (84) P04188

Eta_Staaa (101) KNTVLTNRBIA (45) DLALIRLKP (64) GNSGSGIFNSNGELVGIH (32) P09331
S 3 6.2x10-10 8.5x10-3 4.2x10°¢

Fig. 2. Alignment of regions of the yeast htrA-like hypothetical protein
(Htrl/Yeast, N1897) repeats 1 and 2, with active site regions of E. coli
htrA, Staphylococcus aureus V8 protease (sw: Stsp_Staau) and Staphylo-
coccus aureus exfoliative toxin A (sw: Eta_Staau). Conserved His, Asp,
and Ser residues that are essential for the serine protease activity of E. coli
htrA (Skérko-Glonek et al., 1995) are shown in outline, and hydrophobic
residues conserved in =80% of sequences are shown in bold. Numbers
represent amino acids that lie before, between, or after, alignment blocks.
Calculated probabilities (p-values) (Schuler et al., 1991) of these align-
ments arising by chance are given beneath the alignment.
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Fig. 3. Schematic representation of the domain organizations of PDZ
domain-containing proteins (approximately to scale). Black boxes in Yael
represent predicted transmembrane regions and double diagonals represent
discontinuities in scale. Abbreviations: BRO1/YNKI, domain common to
yeast Brolp and to C. elegans R10e12.1 (Watanabe et al., 1996); HRI,
homology region 1 Rho-binding domain; SP, serine protease domain (xSP,
serine protease homologous domain, presumed to be inactive); IGF-BP,
domain homologous to the insulin growth factor-binding protein; IRBP,
domain homologous to interphotoreceptor retinoid-binding proteins.

repeats, and tsp, Yael, N1897, and spol VB proteins (data not shown).
Dotplots (Thompson et al., 1994) also demonstrated sequences
similarities between PDZ and htrA-like repeats, and the presence
of four htrA-like repeats in the yeast htrA homologue (not shown).
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